Abstract : In storm waterways and at dam outlets, high-velocity supercritical flows are characterised by substantial air bubble entrainment. The entrainment of fine air bubbles and the strong turbulent mixing contribute both to the airwater transfer of volatile gases (e.g. oxygen, nitrogen, VOC). The paper describes new experimental data obtained in a 25-m long channel with a 4-degree slope. The analysis of the data provides new information on the air-water flow properties and on the distributions air-water interface area. Although the amount of entrained air is small (i.e. typically C mean < 0.12), the specific air-water interface area can reach over 100 m 2 per unit volume of air and water. The result are compared with an earlier prediction (CHANSON 1994) and confirm the significant contribution of air entrainment to air-water gas transfer in supercritical chute flows. 
Introduction
An important parameter in the assessment of the water quality of rivers and streams is the dissolved oxygen (DO)
concentration. In running waters (e.g. streams, rivers) most dissolved oxygen is derived from free surface aeration (i.e.
gas transfer at the free-surface). Supercritical open channel flows contribute substantially to the mass transfer process in rivers and streams. They are characterised by strong turbulent mixing and a large amount of air bubble entrainment.
And air-water gas transfer across the air bubble interface is predominant as the net surface area of thousands of tiny CHANSON, H. (1997) . "Measuring Air-Water Interface Area in Supercritical Open Channel Flow. " Water Res., IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 .
bubbles can be very important.
Bibliography
Although a large amount of data is available to predict the air-water flow properties of supercritical flows (e.g. WOOD 1991 , CHANSON 1994 , there is little information on the air-water interface area and bubble size distributions within the flow. WILHELMS and GULLIVER (1989) and CHANSON (1995) discussed the air-water gas transfer process. GULLIVER et al. (1990) and CHANSON (1994) attempted to derive bubble size predictions. However the accuracy of these methods is still somewhat suspicious.
In the paper, new experimental results obtained in a 25-m long flume are presented. Highly-sensitive instrumentation (conductivity probe) was used to detect bubbles as small as 0.1 mm. Full details of the results were reported in CHANSON and CUMMINGS (1996) .
Experimental apparatus
New experiments were conducted in a 25-m long channel with a 4.0-degree slope located in the Hydraulics-Fluid
Mechanics Laboratory of the University of Queensland. The flume is 0.5-m wide and made of planed wooden boards.
Waters are supplied in a closed-circuit system with an electronically-controlled pump, enabling a fine discharge The translation of the probe in the direction normal to the channel bottom was controlled by a fine adjustment travelling mechanism connected to a Mitutoyo™ digimatic scale unit . The error on the vertical position of the probe was less than 0.01 mm. The system (probe and travelling mechanism) was mounted on a trolley travelling parallel to the channel bottom (accuracy of about ∆x = 1 cm).
Data processing
At each position {x,y}, measurements were recorded using the double-tip conductivity probe with a scan rate of 40 kHz per channel for a 5.12-s scan period. The air concentration C was computed as the probability of encountering air CHANSON, H. (1997) . "Measuring Air-Water Interface Area in Supercritical Open Channel Flow." Water Res., IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 .
at the leading tip of the probe. The mean air-water velocity V was computed using a cross-correlation technique. The cross-correlation function between the two tip signals is maximum for the average time taken for an air-water interface to travel from the first tip to the second tip. The velocity is deduced from the time delay between the signals and the tip separation distance.
The chord length 1 distributions were also recorded. A dual tip conductivity probe, used to measure air bubble size characteristics, detects only the bubble chord lengths. If the bubbles are small and spherical, the bubble diameter probability distribution can be deduced from the bubble chord probability distribution (e.g. CLARK and TURTON 1988) . In the present investigation the flow field was investigated for void fractions between 0 and 90%. In the region of high-air content, the structure of the air-water mixture is definitely not bubbly (e.g. VOLKART 1980 , WOOD 1991 . For these reasons only the 'bubble chord length' data are presented.
The chord lengths were calculated at the 50-% threshold between air and water, assuming that the bubble velocity equals the local mean air-water velocity.
The air-water interface area was calculated as :
where N ab is the number of detected air bubbles 2 during the scanning period t, and V is the mean air-water velocity.
Equation (1) equals the specific interface area of spherical-bubble mixtures. In high-air content regions (C > 0.3 to 0.4), the flow structure is more complex and equation (1) is not exactly equal to the specific interface area. Equation
(1) becomes simply proportional to the number of air-water interfaces (i.e. 2*N ab ) per unit length of air-water mixture (i.e. V*t) : it gives still some indication of the air-water interface area.
Experimental results
Experiments were performed with discharges per unit width between 0.142 and 0.164 m 2 /s with an intake flow depth :
d o = 30 mm. For such discharges, the bottom boundary layer was fully-developed at about 2.2 to 2.7-m downstream of the channel intake. The quantity of entrained air (or mean air concentration) was maximum at about x = 4 m.
Downstream of that location, the mean air content decays gradually as the flow is decelerated (table 1, fig. 1 ). Figure 1 shows one set of experimental results for the mean air concentration. The histogram columns represent each the probability of a bubble chord length in a 1-mm interval. E.g., the IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 ).
probability of bubble chord length from 4 to 5 mm is represented by the column labelled 5-mm. On figure 3, note the broad spectrum of bubble chord lengths at each location {x,y}. Further the distributions are skewed with a preponderance of small bubble sizes relative to the mean.
Experimental results of specific air-water interface area are plotted on figure 4 . The results show that the specific interface area can reach large values (i.e. up to 106 m 2 per unit volume of air and water) although the mean air concentration C mean is moderate (i.e. C mean ≤ 0.12). Further the interface area increases with increasing distance from the channel bottom (and increasing air concentration) up to a maximum (table 1) and then decreases in the upper flow region.
Note that the flow properties (C, V, a) were investigated for C < 0.9 ( i.e. y < Y 90 ). For y > Y 90 , the air-water flow is primarily a form of fine spray, and the conductivity probe measurements are not accurate.
Discussion

Mean and maximum air bubble sizes
The dimensionless distributions of Number Mean chord length Size 3 and Maximum chord length size are presented in figure 5. 
Comparison with other results
The author (CHANSON 1994 ) developed a crude model to estimate the maximum bubble size in self-aerated flow.
Assuming that the bubble size is of the order of magnitude of the mixing length of the turbulent eddies responsible for bubble breakup, it yields :
where (We) e = ρ w *V 90 2 *Y 90 /σ, ρ w is the water density and σ is the surface tension.
Equation (3) is shown on figure 5 (B). In the low-air-content region (i.e. C < 0.3 to 0.4), equation (3) provides some information on the order of magnitude of the mean bubble size but it underestimates the maximum size. GULLIVER et al. (1990) re-analysed high-speed photographs of a sectional view of self-aerated flows through a glass IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 sidewall. The photographs were taken by STRAUB et al. (1953 STRAUB et al. ( , 1956 STRAUB et al. ( , 1958 . The analysis of STRAUB's photographs suggested that the maximum bubble size (defined such that 95% of the total air volume is encompassed by bubbles of smaller size) was about 2.7-mm independently of the distance y from the channel bottom, with most bubble sizes comprised between 0.7-mm and 2.7-mm.
The present investigation shows clearly that the range of bubble sizes is broader ( fig. 3 and 5) . And it is a function of the distance from the channel bottom and of the local air concentration. The writer believes that the analysis of GULLIVER et al. (1990) was based upon bubble size distributions in the sidewall boundary layer which is characterised by higher shear stress and smaller bubble sizes than on the centreline.
Comparison with an air-water interface area model
The author (CHANSON 1994) developed a rough estimate of specific air-water interface in self-aerated flows :
where (d ab ) max was computed as equation (2). Equation (4) is reported on figure 4. Although equation (4) is a very crude approximation, it is interesting to note the similarity of shape between the data and equation (4) Altogether the present study suggests that previous calculations of air-water interface area and air-water gas transfer (CHANSON 1994 (CHANSON ,1995 are some form of reasonable approximation. H. (1997) . "Measuring Air-Water Interface Area in Supercritical Open Channel Flow." Water Res., IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 Chord length interval (mm) 383 bubbles CHANSON, H. (1997) . "Measuring Air-Water Interface Area in Supercritical Open Channel Flow." Water Res., IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 IAWPRC, Vol. 31, No. 6, pp. 1414 -1420 (ISSN 0043-1354 
Conclusion
